(ii) silencing mdr1 with duplex human mdr1 siRNAs reduced the cell content in immunoreactive P-gp to 15 to 30% of controls and caused an eight-to 13-fold increase in daptomycin accumulation. We conclude that daptomycin is subject to efflux from THP-1 macrophages and MDCK cells by P-gp, which reduces its intracellular activity against phagocytized S. aureus.
Active efflux of drugs from eukaryotic cells is now recognized as a major determinant in the modulation of their pharmacokinetic properties in relation to absorption, distribution, and excretion, and needs, therefore, to be fully taken into account in the assessment of their activity and toxicity (20, 27, 40, 49, 66) . In this context, P-glycoprotein (P-gp), one of the main members of the superfamily of the ATP-binding cassette (ABC) efflux proteins, has been shown to recognize antibiotics (59, 61) , and could therefore modulate their intracellular activity. Thus, P-gp-mediated efflux was found to partially defeat the cellular accumulation and to reduce the activity of azithromycin towards Staphylococcus aureus phagocytized by murine J774 macrophages (46, 47) .
In the present study, we have examined and assessed the role of P-gp in the modulation of the intracellular accumulation and activity of daptomycin in human THP-1 macrophages. To better ascertain the specificity of the effects seen to the activity of P-gp, we also used Madin-Darby canine kidney (MDCK) cells, for which stable lines overexpressing P-gp are available (12) . Originally described in the mid-1980s as LY 146032 (11) , daptomycin has become the lead member of the new class of the so-called acidic lipopeptide antibiotics. These are characterized by a membrane-related mode(s) of action (53) , which results in a marked bactericidal activity against multiresistant gram-positive organisms, including methicillin-resistant S. aureus (14, 23) . Intracellular survival of S. aureus is often considered as an important determinant in the relapsing and recurrent character of staphylococcal infections (see references 13 and 31 for a discussion). Yet, the intracellular uptake and activity of daptomycin have been little explored so far (63) . We show here that daptomycin exerts concentration-dependent activity against intracellular S. aureus in the two types of cells studied but that its accumulation, and thereby its activity, is partially defeated by efflux through P-gp.
(MDCK-MDR1) (12) , both obtained from P. Borst (The Netherlands Cancer Institute, Division of Molecular Biology and Centre of Biomedical Genetics, Amsterdam, The Netherlands). Maintenance of cell viability in the presence of daptomycin and P-gp inhibitors was assessed by trypan blue exclusion test (validated against the accepted method of measuring lactate dehydrogenase release used in our previous studies) (4) with CSA-13, a membrane-damaging antibiotic (25) . Verapamil was dissolved in water, and gemfibrozil and elacridar were dissolved in dimethyl sulfoxide (DMSO; we checked that the concentrations of DMSO brought in the final culture medium [0.5%] did not interfere with the cell accumulation of daptomycin).
Cell infection and assessment of intracellular activities of daptomycin. Infection and assessment of intracellular activity in THP-1 cells were performed exactly as previously described (26) . Infection of MDCK and MDCK-MDR1 cells was performed following the protocol previously described for J774 macrophages (45) , except that (i) phagocytosis was allowed to take place for 2 h with an inoculum of 10 7 bacteria/ml, and (ii) nonphagocytized bacteria were removed by extensive washing only (to avoid using gentamicin, which caused a marked loss of cell viability if used immediately after phagocytosis). For both cell types, the postphagocytosis inoculum comprised between 1.8 and 2.7 ϫ 10 6 CFU per mg of cell protein, a value close to what was obtained in our previous studies (3, 26) . Intracellular activity was assessed as previously described for J774 cells.
Assay of cell-associated daptomycin and DiOC 2 and calculation of apparent cellular-to-extracellular concentration ratios. Daptomycin and DiOC 2 were assayed by fluorimetry, according to previously described procedures (51, 54) , with the following modifications and performance characteristics. For daptomycin, excitation and emission wavelengths were set at 380 and 425 nm, and linearity was obtained between 1 and 250 mg/liter (R 2 Ͼ 0.99). For DiOC 2 , excitation and emission wavelengths were set at 485 nm and 620 nm, and linearity was obtained between 0.05 and 10 mg/liter (R 2 Ͼ 0.99). We checked in pilot experiments that verapamil, gemfibrozil, and ouabain did not interfere with this assay. In contrast, elacridar intrinsic fluorescence made it impossible to assay daptomycin in its presence. Cell protein was assayed in parallel using the Folin-Ciocalteu/biuret method (30) . The cell-associated contents in daptomycin and DiOC 2 were expressed by reference to the total cell protein content and converted into apparent concentrations using a conversion factor of 5 l per mg of cell protein as commonly used for cultured cells. The level of accumulation of each compound was then expressed as the ratio of this apparent cell concentration to the corresponding extracellular concentration.
Measurements of free cell Ca 2؉ concentrations. Calcium-sensor dye Fluo-3 (19, 36) , under its acetoxymethyl ester form (Fluo-3-AM; Invitrogen), was dissolved in DMSO with the nonionic detergent Pluronic F-127. THP-1 macrophages were harvested, suspended in Ca 2ϩ -free Hanks balanced salt solution supplemented with 5 g/liter bovine serum albumin, and exposed for 30 min at 25°C to 5 M Fluo-3-AM in the same medium supplemented with 1 mM probenecid (to reduce cell efflux of Fluo-3 after its intracellular deesterification). Cells were thereafter washed in Ca 2ϩ -free Hanks balanced salt solution-bovine serum albumin-probenecid medium, incubated for 30 min at 25°C in the same medium, and thereafter incubated without (controls) or with either 100 M verapamil or 250 M gemfibrozil or ionomycin (50 M; a Ca 2ϩ ionophore [6] ). Whole-cell fluorescence was then read continuously for up to 60 min at room temperature ( exc , 485 nm; em , 530 nm) using a Packard FluoroCount microplate reader instrument (PerkinElmer Life and Analytical Sciences, Inc., Waltham, MA).
Modulation of P-gp expression by siRNA (gene silencing). THP-1 macrophages (10 7 cells) were transfected with 0.75 g of duplex human mdr1 small interfering RNA (siRNA) (Santa-Cruz Biotechnology, Heidelberg, Germany). We used a Nucleofector II electroporation apparatus (Amaxa Biosystems, Cologne, Germany), following the general procedure described for THP-1 cells (program V-001), with cells suspended in Royal Park Memorial Institute (RPMI) 1640 culture medium supplemented with 10% fetal bovine serum and either (i) 1.25% DMSO (medium a) (32) or (ii) 25 mM HEPES, pH 7.4 (medium b) (43) . We checked that both media allowed for an efficient penetration of the nonpermeant dye trypan blue in cells when added to the electroporation buffer (83.4 Ϯ 2.6 of cells stained versus 1.1 Ϯ 0.1 for controls [no electroporation] with medium a; 87.7 Ϯ 0.2 versus 3.4 Ϯ 1.32 with medium b). Cells returned to culture medium and reincubated for 1 h after electroporation before being again exposed to trypan blue excluded the dye for Ͼ80%, indicating a satisfactory cell membrane resealing and maintenance of viability.
Western blotting. For analysis of P-gp expression, cells (ϳ10 7 ) were washed three times with ice-cold phosphate-buffered saline (pH 7.4) and suspended in 500 l of lysis buffer (64) . The samples were then subjected to three successive cycles of freezing-thawing (Ϫ80°C for 5 min and 37°C for 5 min), sonicated (for three cycles of 5 s with 30-s intervals at 4°C), and finally centrifuged for 10 min at 14,000 rpm and at 4°C in an Eppendorf 5415C microcentrifuge (Eppendorf AG, Hamburg, Germany) equipped with the standard rotor F-45-24-11. Protein concentration of the supernatant was determined by a modified Bradford's procedure (39) using the Quick Start Bradford protein assay kit 3 from Bio-Rad Laboratories (Hercules, CA). Western blotting was performed following the procedure described previously (34) with a mouse monoclonal anti-P-gp (MDR) antibody (1/500) as primary antibody (Sigma-Aldrich catalog no. P7965; according to its supplier, this antibody detects specifically human MDR1 P-gp but not MDR3) and polyclonal horseradish peroxidase-labeled anti-mouse (1/1,000) as secondary antibody (equiloading of the gels was controlled with monoclonal mouse anti-␤-actin antibody [Sigma-Aldrich catalog no. A2228; 1/2,000]). Bands were revealed with the SuperSignal West Pico chemiluminescence substrate (Pierce, Rockford, IL). Films were scanned and subjected to a densitometric analysis using Image J software (version 1.3.1; available from the Research Service branch of the National Institute of Mental Health at http://rsb.info.nih .gov/ij).
Confocal microscopy. P-gp was detected on formalin-fixed and saponin-permeabilized cells using the same mouse monoclonal anti-P-gp as for Western blotting and fluorescein isothiocyanate-labeled goat anti-mouse antibodies (Santa Cruz Biotechnology), with counterstaining for actin with 5 units of rhodamine-labeled phalloidin (Invitrogen, Carlsbad, CA), following the general techniques previously described for J774 macrophages (48, 58) 
RESULTS
Intracellular activity of daptomycin in THP-1 macrophages and modulation by efflux transporter inhibitors. In the absence of published detailed analysis of the intracellular activity of daptomycin in macrophages, we first conducted 24-h doseresponse studies using a wide range of extracellular concentrations to obtain information on key pharmacological descriptors (50% effective concentration [EC 50 ]; static concentration [C static ]; maximal efficacy [E max ]). We also used our previous studies (4, 26) , which were necessary for the correct interpretation of the present data. Results are shown in Fig. 1A , with the pertinent regression parameters presented in Table 1 . Daptomycin displayed clear-cut concentration-dependent activity, with EC 50 and C static values close to each other at about 9 to 10 times the MIC and an E max value at about Ϫ1.6 log CFU. We then selected a daptomycin extracellular concentration of 1 mg/liter (i.e., close to the EC 50 and C static values) to test for the influence on daptomycin activity of two well-known P-gp inhibitors, namely, the Ca 2ϩ channel antagonist verapamil, which is largely nonspecific, and elacridar, a much more specific inhibitor (16) . Results of experiments conducted at fixed concentrations (verapamil, 100 M; elacridar, 0.5 M) over 5 and 24 h are shown in Fig. 1B . Both inhibitors markedly enhanced the intraphagocytic activity of daptomycin, with an effect already detectable at 5 h only. This was not due to a direct action of verapamil or elacridar on bacteria, since the presence of these inhibitors alone did not markedly affect the intraphagocytic growth of S. aureus (they did not affect the MIC of daptomycin, either [data not shown]). The influence of verapamil and elacridar on the activity of daptomycin was then studied in more detail by running complete dose-response studies over a 24-h period. In the first series of experiments, verapamil or elacridar was added at a fixed concentration (100 or 0.5 M, respectively) to media containing increasing concentrations of daptomycin (over the same range as that used to generate the data of Fig. 1A) . Results, shown in a synoptic fashion in Table 1 , demonstrate that both inhibitors significantly increased the relative potency of daptomycin (thus causing a reduction of the EC 50 ) without affecting its E max (no significant change in E max value). In the second series of experiments, daptomycin was used at a fixed concentration of 1 mg/liter (shown to cause an almost static effect), and verapamil or elacridar was added at increasing concentrations (from 2 nM to 10 M [elacridar] and 500 M [verapamil]). Results presented in Fig. 1C show that both inhibitors acted in a concentration-dependent fashion and were able to bring the intracellular activity of daptomycin (present in the extracellular medium at a concentration of 1 mg/liter only) to the value observed for a daptomycin concentration of 100 mg/liter in cells incubated in the absence of inhibitors (and corresponding to its E max [ Table 1 ]). To check for the specificity of the changes in daptomycin activity observed with verapamil and elacridar with respect to P-gp, all experiments were repeated with gemfibrozil, an inhibitor of MRPs, the second major family of ABC transporters capable of transporting antibiotics in macrophages (34) , but no significant effect was observed. Table 1 series of experiments, the activity of daptomycin in MDCK and MDCK-MDR1 cells infected with S. aureus was examined using a fixed extracellular concentration of 1 mg/liter in the absence and in the presence of verapamil (100 M) or gemfibrozil (250 M). Results are shown in Fig. 2 . Concentrating first on wild-type cells, we see that daptomycin, which at the concentration used was almost bacteriostatic against intracellular S. aureus, had its activity markedly enhanced by verapamil, as in THP-1 macrophages. Moving now to MDCK-MDR1 cells, we see that daptomycin, at the same concentration as that used for wild-type cells, was unable to control the intracellular bacterial growth. Yet, the addition of verapamil allowed for the appearance of significant activity. Interestingly enough, the increase in activity obtained with verapamil was similar in MDCK and MDCK-MDR1 cells (about a 1.3-log decrease in CFU), although the basal levels were different. Finally, gemfibrozil was without significant effect on daptomycin activity with either cell line. In the second series of experiments, we ran full daptomycin dose-response curves in infected wild-type MDCK and MDCK-MDR1 cells in the presence and in the absence of verapamil (100 M). Results shown in a synoptic fashion in Table 1 demonstrate that verapamil increased the relative potency of daptomycin about 3.5-fold (in both cell lines), as in THP-1 macrophages. There was also a small increase in E max in wild-type MDCK cells. Modulation of the cellular accumulation of daptomycin and DiOC 2 . Based on the results presented so far, we hypothesized that verapamil increased the intracellular antibacterial effect of daptomycin in THP-1 macrophages and MDCK cells by enhancing its cellular accumulation (through impairment of a P-gp-mediated efflux mechanism). The cellular accumulation of daptomycin was therefore examined under conditions known to either impair (addition of verapamil or ATP depletion) or to enhance (addition of ouabain) (7) the activity of P-gp. These experiments had to use a large extracellular concentration of daptomycin (250 mg/liter) because of the low sensitivity of our assay method (and the unavailability of radiolabeled compound). Results shown in Table 2 demonstrate that (i) MDCK-MDR1 cells accumulated significantly less daptomycin than wild-type MDCK cells, and (ii) verapamil and ATP depletion (tested for THP-1 macrophages only) enhanced the accumulation of daptomycin (and, interestingly enough, to the same extent [about 3.6-fold in all conditions]), whereas ouabain markedly decreased it. As in all other experiments, gemfibrozil had no effect.
Intracellular activity of daptomycin in wild-type MDCK cells versus MDCK cells overexpressing P-gp (MDCK-
Since the large concentrations of daptomycin used could have caused saturation of the putative P-gp efflux transporter, we also examined the influence of verapamil, ouabain, and gemfibrozil on the accumulation of a known and specific substrate of P-gp, namely, DiOC 2 (24, 35) , which could be used at a much lower concentration (1 mg/liter). In pilot experiments, we observed that the effect of verapamil on DiOC 2 accumulation was not immediate but increased over time. We therefore measured in parallel the accumulation of DiOC 2 (at the extracellular concentration of 1 mg/liter) and that of daptomycin (at the extracellular concentration of 250 mg/liter) over a period of 1 and 5 h in control cells versus cells coincubated with verapamil, ouabain, or gemfibrozil. Results presented in Fig. 3 show that verapamil caused an increase, and ouabain a decrease, of the accumulation of DiOC 2 , which was highly correlated with that of daptomycin. In contrast, the effect of gemfibrozil was minimal.
Influence of verapamil concentration on restoration of daptomycin activity and accumulation in MDCK-MDR1 cells. The data of Tables 1 and 2 
Immunohistodetection of P-gp in THP-1 macrophages and MDCK cells.
The previous experiments strongly suggested the presence of an efflux transporter for daptomycin in THP-1 cells that could be potentially identified as P-gp. With only limited data being available as to the presence of this protein in THP-1 macrophages (17), we undertook documenting its presence and localization in our strain of THP-1 macrophages in comparison with MDCK and MDCK-MDR1 cells using immunological techniques. As shown in Fig. 4 , the bulk of immunodetected P-gp was in both cases located at the periphery of the cells in close vicinity to actin (used to visualize the cytoskeleton, located as a submembraneous network in association with integrins and other membrane proteins, and determining the cell shape) (41, 44) .
Influence of the impairment of P-gp expression through siRNA (gene silencing) on daptomycin accumulation in THP-1 macrophages. Having demonstrated the presence of immunoreactive P-gp in THP-1 (with a localization that could account for an efflux of daptomycin), we examined whether the silencing of its gene (and the corresponding decrease in its cell content) would modulate the accumulation of daptomycin. For this purpose, cells were electroporated with duplex human mdr1 siRNAs and examined thereafter for the presence of P-gp (by Western blot analysis; performed on lysates from cells incubated for 30 h in control medium after electroporation) and for daptomycin accumulation (measured in cells incubated for 30 h in control medium after electroporation and further incubated for 24 h with 250 mg/liter daptomycin). Results are shown in Fig. 5 . Electroporation with the duplex human mdr1 siRNAs (in either of the two media used) markedly reduced the cell content in immunoreactive P-gp, and, in parallel, allowed for a marked increase in daptomycin accumulation.
Correlations between P-gp expression, daptomycin potency, and daptomycin accumulation. Figure 6 shows the correlations established between the amounts of immunoreactive P-gp detected in control THP-1 macrophages, MDCK, and MDCK-MDR1 cells, and THP-1 macrophages subjected to mdr1 silencing (as determined by Western blot analysis) versus (i) the daptomycin relative potencies (EC 50 ) towards phagocytized S. aureus (data of Table 1 ) and (ii) daptomycin accumulation (data of Table 2 and of Fig. 5 ) in these cells. In both cases, the correlation was highly significant in spite of the small number of data points. This figure also suggests that the high levels of cellular accumulation of daptomycin noted for THP-1 cells subjected to mdr1 silencing (see Fig. 5 ) could only be observed because the P-gp cell content in these cells was much lower than in untreated THP-1 or in wild-type MDCK cells.
Influence of verapamil on cell Ca 2؉ content. Because the antibacterial activity of daptomycin is critically dependent upon a sufficient Ca 2ϩ concentration (2, 11), we examined whether the enhancing effect of verapamil on the intracellular activity of daptomycin could not be due to an increase in its intracellular cell Ca 2ϩ content. For this purpose, the concentration of free intracellular Ca 2ϩ was monitored by means of the calcium sensor Fluo-3 dye in cells exposed to verapamil (100 M) or gemfibrozil (250 M). Compared to control cells, verapamil caused a Ϸ25% reduction of the free Ca 2ϩ cellular concentration over 60 min, whereas gemfibrozil was without influence. Ionomycin, an antibiotic also known as a calcium ionophore (6) and used as positive control, caused a 75% increase in apparent free intracellular Ca 2ϩ under the same conditions. 
DISCUSSION
The present data extend our previous observations underlining the role of the ATP-energized efflux transporters for modulation of the accumulation and activity of antibiotics in macrophages (33, 34, 46, 47) . Specifically, we show here that the activity of P-gp in THP-1 human macrophages decreases the relative potency of daptomycin towards phagocytized S. aureus by reducing its cellular concentration. This conclusion, and its specificity with respect to P-gp versus other eukaryotic efflux transporters, stems from five converging pieces of evidence gained from independent approaches, namely (i) the use of two well-known inhibitors of P-gp activity, verapamil (42) and elacridar (GF 120918) (17) , in comparison with gemfibrozil, a preferential inhibitor of MRP efflux transporters, which are also present in macrophages (34); (ii) the comparison of the behavior of THP-1 macrophages with that of MDCK (wildtype) and of MDCK-MDR1 (overexpressing P-gp) cell lines; (iii) the direct measurement of the cell content in daptomycin and in DiOC 2 , a well-known substrate of P-gp (55) , in the presence of molecules known to impair or to increase P-gp activity (viz. the inhibitors mentioned above and ouabain, an inducer of mdr1 expression) (7); and (iv) the silencing of mdr1 (the gene encoding P-gp in humans) expression by specific siRNA. It is intriguing, at first glance, that mdr1 silencing causes a much larger accumulation of daptomycin than P-gp inhibitors. This may actually indicate that neither verapamil nor elacridar is capable of fully blocking daptomycin efflux. This conclusion is in accordance with the growing evidence for the presence of multiple binding sites in P-gp (9) and with the observation that substrates and inhibitors of the related halftransporter ABCG2 are effluxed by multiple pathways so that inhibitors remain intrinsically poorly effective at pharmacologically achievable concentrations (1).
Originally described in tumor cells in relation to pleiotropic cross-resistance to a wide range of amphiphilic drugs (18) , P-gp is also expressed in the apical surface of a variety of epithelia, where it exerts a function of protection against the toxicity of xenobiotics (by excreting them, for instance, in the intestinal lumen or the urine). P-gp has been described in THP-1 macrophages (17) , and our observation that the bulk of the protein is located at the cell surface is consistent with a detoxification function. We, however, are facing two difficulties in the context of our study, namely, (i) how daptomycin could be effluxed by P-gp, based on what we know about preferences of this transporter for truly amphiphilic compounds, and (ii) how this efflux could modulate its intracellular activity towards bacteria that sojourn and thrive not in the cytosol but within phagolysosomes.
Association of drugs to P-gp appears to be mediated mainly by lateral diffusion within the inner monolayer of the plasma, thereby maximizing efflux to a wide range of xenobiotics (56) . Even though specific structural determinants appear critical for optimal recognition of drugs by P-gp (40, 65) , binding constants remain usually weak, since it is the high partition coefficients of the drugs into lipid bilayers that allow them to reach sufficient values in the vicinity of the protein. These considerations should actually make daptomycin a very unlikely substrate for P-gp, since (i) its overall structure is very remote from that of typical P-gp substrates or inhibitors such as doxorubicin and DiCO 2 or verapamil and elacridar, and (ii) the calculated daptomycin octanol/water partition coefficient (log P) and distribution coefficient (log D, a more correct descriptor for predicting lipid solubility of ionizable compounds) are very negative (Ϫ4.073 Ϯ 0. 25 (28) . The name "peptolide," originally coined to designate daptomycin (11) but used later on also for cyclosporine and related drugs (22) , may erroneously suggest a high lipophilicity, which is not true for daptomycin. Actually, the cyclic peptide moiety of daptomycin contains several anionic amino acids that confer a high polarity to this part of the molecule, which is in contrast to the highly hydrophobic amino acids constitutive of the cyclic peptide moiety of cyclosporine. The confusion is further compounded by the fact that cyclosporine and related peptolides are well-known inhibitors of P-gp (21) . Whereas daptomycin in solution spontaneously adopts a conformation that does not confer amphiphilic properties, it oligomerizes in the presence of physiological concentrations of calcium to form micelles, which tend to dissociate when interacting with membranes (53) . In bacteria, the high content in the negatively charged phospholipid phosphatidylglycerol allows for a deep, Ca 2ϩ -facilitated insertion of daptomycin, leading to membrane leakage and cell death. While a similar, toxic process does not occur in eukaryotic cells (as evidenced by the lack of membrane-permeabilizing properties of daptomycin towards the cells used in our study), interaction of Ca 2ϩ -daptomycin micelles with other phospholipids is possible and could lead to its recognition as a phospholipid-drug complex by P-gp. Phospholipids, indeed, are among the physiological substrates of P-gp, the transporter acting then as a flippase (70) . A similar model of drug-phospholipid complexation for transport of nonlipophilic drugs by efflux proteins has been presented recently to explain the recognition of aminoglycosides (which have calculated log P and log D [pH 7] values similar to those of daptomycin) (ACD/Labs software, version V8.19) by the AcrB multidrug efflux pump of Escherichia coli (69) . Interestingly enough, MDR3, another member of the MDR family, is also known to promote phosphatidylcholine translocation through the plasma membrane of fibroblasts (52) . Efflux of daptomycin at the level of the plasma membrane does not directly explain, however, the reduction of its potency against intracellular S. aureus, since the bacterium is not located in the cytosol but in the phagolysosomes (26) . It could be argued that P-gp localized in the plasma membrane diverts part of the daptomycin from entering cells by diffusion and reduces, therefore, the amount of drug that can thereafter reach the phagolysosomes, as proposed to explain the defeating effect of P-gp towards azithromycin in J774 macrophages (46) . But the biophysical properties of daptomycin discussed above are not compatible with the mechanism of diffusion/segregation observed for azithromycin (8) , which is an amphiphilic, basic drug. The difficulty is actually compounded by our ignorance, at this stage, of the pathway and mechanism allowing daptomycin to enter cells and reach the phagolysosomes. Further studies will need to examine these aspects of the cellular pharmacokinetics of dap-tomycin, but their performance is dependent upon the availability of more sensitive bioanalytical tools than are available to us so far. Yet, since the intracellular activity of daptomycin is concentration dependent, the most likely explanation for the effects observed here is that impairing or increasing the activity of P-gp effectively modulates its concentration at the site of infection. We know that daptomycin activity is enhanced by increasing the calcium concentration (10, 11) . But such a calcium effect is unlikely to take place here, since verapamil decreased the cell free Ca 2ϩ concentration, as anticipated from its known action on calcium channels in macrophages (68) .
Moving now to the chemotherapeutic significance of our observations, we first see that daptomycin is active against intracellular S. aureus, in spite of its limited cellular accumulation (with apparent cellular-to-extracellular concentration ratios remaining lower than 1). This conclusion, already reached from early studies of daptomycin with S. aureusinfected polymorphonuclear neutrophils (63), reinforces our previous conclusions that cellular accumulation per se is not a sufficiently predictive factor of antibiotic intracellular activity (60) . The explanation could be that cell-associated daptomycin is accumulated in the same subcellular compartment that phagocytized S. aureus. The localization of daptomycin in macrophages has not yet been established, but in vivo studies suggest that daptomycin taken up by proximal tubular cells is partially localized in lysosomes by the endocytosis route (5) . Second, we also see that daptomycin is a concentration-dependent antibiotic towards intracellular S. aureus as described for extracellular bacteria using appropriate pharmacodynamic models (62) . Yet, in spite of this, and in sharp contrast to what is observed with extracellular bacteria, daptomycin never yields a truly intracellular bactericidal effect, since its E max remains lower than the 3 log 10 CFU decrease considered the minimum for a drug to be called bactericidal by CLSI criteria. This loss of E max against intracellular S. aureus has been a common observation for all antibiotics tested in macrophage models so far disregarding their subcellular localization (see reference 60 for a review) and still needs to receive a satisfactory explanation. Third, our data clearly show that P-gp reduces the potency of daptomycin against intracellular bacteria in relation with its level of expression. Extrapolation to the in vivo situation cannot be ascertained at this stage, since our experiments were conducted under conditions designed to maximize the effects described and used an immortalized cell line, the behavior of which may differ from that of normal macrophages. Yet, this may now help to develop appropriate models to test for such an impact of P-gp expression in vivo. It could also be suggested that concomitant administration of P-gp inhibitors should favorably modulate the activity of daptomycin in difficult-to-treat staphylococcal infections where intracellular survival may play an important role in the maintenance of the infection. This approach, however, seems very unpractical today, in view of the present lack of availability of very safe P-gp inhibitors. Yet, the observation that some fluoroquinolones may act as potent inhibitors of P-gp-mediated efflux in MDCK-MDR1 cells (50) may open new perspectives in this context. A possible caveat, however, is that daptomycin myopathy (one of the drug's most serious side effects) (38) is driven by drug concentrations remaining above some threshold level for an extended period of time (hence directing its clinical use on a once-daily schedule) (37) . We cannot exclude that a P-gp inhibitor could amplify this adverse effect. The design and/or selection of new derivatives within the class of acidic lipopeptide antibiotics with a lack of or weak recognition by P-gp could, therefore, also appear as a more useful and a safer approach.
